Orally-administered drugs may be metabolized by intestinal microbial enzymes before absorption into the blood. Accordingly, co-administration of drugs affecting the metabolic activities of gut microbes (e.g. antibiotics) may lead to drug-drug interactions (DDI). In this study, gut microbiota-mediated DDI were investigated by studying the pharmacokinetics of lovastatin in antibiotic-treated rats. Incubation of lovastatin with human and rat fecalase preparations produced four metabolites, M1 (demethylbutyryl metabolite), M4 (hydroxylated metabolite), M8 (the active hydroxy acid metabolite), and M9 (hydroxylated M8) indicating involvement of the gut microbiota in lovastatin metabolism. The plasma concentration-time profiles of M8 were compared after oral administration of lovastatin to control rats or those treated with either ampicillin (100 mg/kg), or an antibiotic mixture consisting of cefadroxil (150 mg/kg), oxytetracycline (300 mg/kg), and erythromycin (300 mg/kg). Pharmacokinetic analyses indicated that systemic exposure to M8 was significantly lower in antibiotic-treated rats, as compared with controls. In addition, fecal M8 formation decreased by 58.3% and 59.9% in the ampicillin-and antibiotic mixture-treated rats, respectively. These results suggested that antibiotic intake may reduce the biotransformation of orally-administered drugs by gut microbiota and that the subsequent impact on microbiota metabolism could result in altered systemic concentrations of either the intact drug and/or its metabolite(s).
Introduction
The term "xenobiotic metabolism" refers to the biochemical modification of drugs or food constituents by living organisms, including humans (Croom, 2012) . This process generally converts hydrophobic xenobiotic compounds into more hydrophilic products, in order to facilitate their excretion. The liver is known to be a major site of xenobiotic metabolism. However, orally-administered xenobiotics may also be metabolized by gut microbial enzymes before being absorbed from the gastrointestinal tract into the blood (Scheline, 1973; Sousa et al., 2008; Haiser and Turnbaugh, 2013) . The role of gut microbiota in the metabolism of orally-administered compounds or phytochemicals has been investigated extensively. Representative examples of compounds metabolized by gut microbiota include ginsenosides, cycasin, rutin, baicalin, hesperidin, and genistin (Saad et al., 2012; Choi et al., 2011) . Some drugs, such as acetaminophen, chloramphenicol, digoxin, and sulfasalazine have also been shown to be affected by gut microbial metabolism (Saad et al., 2012) . Once these compounds are orally administered, they are transformed to bioactive, bio-inactive, or toxic metabolites by intestinal microbiota prior to their absorption into the blood (Li and Jia, 2013) .
Drug-drug interactions (DDIs) occur when a drug affects the activity of another drug. DDI may result from various processes, including pharmacokinetic and pharmacodynamic interactions. Alteration of drug pharmacokinetics (absorption, distribution, metabolism, and excretion) generally occurs due to inhibition or induction of drug metabolizing enzymes, such as cytochrome P450 enzymes (CYP) or transporters involved in absorption or excretion processes (König et al., 2013; Isoherranen et al., 2012) . However, modulation of gut microbial enzyme activities represents another possible cause of DDI. Thus, drugs (generally antibiotics) affecting gut microbe metabolic activities may alter the pharmacokinetics of co-DMD #58354 5 administered drugs that are metabolized by gut microbiota. As the impact of gut microbiota on drug metabolism has gradually been gaining recognition, the potential DDIs occurring via the interactions with microbiota metabolism studied, and the impact of gut microbes on DDIs has been discussed (Lindenbaum et al., 1981; Saha et al., 1983; Wilson and Nicholson, 2009 ).
Furthermore, the role and significance of microbial β -glucuronidase in connection with enterohepatic recycling of xenobiotics have been emphasized (Roberts et al., 2013) . The impact of gut microbiota on drug metabolism was evidenced by experimental studies involving animal models, in particular, with germ-free animals and animals in which human microflora had been introduced (Bowey et al., 2003) .
Lovastatin is a statin, a class of drugs used as cholesterol-lowering agents to reduce cardiovascular disease risk. Lovastatin is a lactone prodrug which is readily hydrolyzed in vivo to yield the active β -hydroxy acid metabolite, a strong inhibitor of 3-hydroxy-3-methylglutaryl coenzyme-A (HMG-CoA) reductase (Krukemyer and Talbert, 1987; Vyas et al., 1990 ). In our preliminary study, lovastatin was found to disappear by incubation with human and rat fecalase preparations (unpublished data). Accordingly, we wished to investigate the involvement of gut microbiota in the metabolism of lovastatin, in particular its biotransformation to the β -hydroxy acid metabolite, and the potential for this to associate with antibiotic DDI. In this study, the metabolism of lovastatin by gut microbial enzymes was characterized and the potential for pharmacokinetic DDI between lovastatin and antibiotics was investigated in rats.
Materials and methods

Materials.
Lovastatin, lovastatin β -hydroxyl acid, 4-nitrophenyl-β-D-glucuronide, 4-DMD #58354
was stopped by the addition of 2.5 mL of MeOH, and centrifuged at 3000 × g for 10 min. The amount of lovastatin in the resulting supernatant was assayed by high-performance liquid chromatography (HPLC). The HPLC system consisted of a Hewlett Packard series 1050 with an Eclipse Plus C18 column (4.6 × 100 mm i.d., 5.0 μ m, Agilent Technologies, Santa Clara, CA, USA) and a UV detector at 238 nm (Ramsey, MN, USA). The elution solvent (23% water, 77% acetonitrile) flow rate was 0.6 mL/min for 20 min and the injection volume was 8
Assay of fecal β -D-glucuronidase, β -D-glucosidase, and α -L-rhamnosidase activities.
, and α -L-rhamnosidase activities of rat fecalase samples were tested a method previously published by Lee et al. (2002) .
Isolation of lovastatin metabolites produced by intestinal microbiota.
A fresh human stool sample (5 g) was suspended in 45 mL anaerobic dilution broth, and centrifuged at 500×g for 10 min. The resulting supernatant was centrifuged at 10000×g for 10 min. The pellet was suspended in 1 L anaerobic dilution broth; lovastatin (0.75 g) was added and anaerobically incubated for 5 days. Then the reaction mixture was extracted 3 times (3 × 3 L) with ethylacetate (EtOAc), and evaporated by a rotary evaporator under vacuum to produce 1.25 g of EtOAc extract. The EtOAc extract was fractionated through a silica gel column (3 cm × 30 cm) using hexane : EtOAc (1 : 0 to 1 : 1); then CHCl 3 : EtOAc (7 : 3 to 8 : 2); and finally CHCl 3 : MeOH (7 : 3 to 0 : 1). Seven fractions (L-1 to L-7) were obtained. The fraction L-3 was loaded onto a silica gel column (1.5 cm × 20 cm) and eluted using CHCl 3 :EtOAc (1 : 0 to 6 : 4); then CHCl 3 : acetone (7: 3 to 0 : 1), to produce M8 (2.9 mg).
The fraction L-4 was also applied to a silica gel column (1.5 × 20 cm) and eluted using CHCl 3 : acetone (1 : 0 to 6 : 4) and CHCl 3 : methanol (7: 3 to 0: 1) to isolate M4 (2.0 mg).
This article has not been copyedited and formatted. The final version may differ from this version. The fraction L-6 was loaded onto a silica gel column (1.5 cm × 20 cm) and eluted using CHCl 3 :MeOH (1: 0 to 0 : 1) to obtain M1 (2.2 mg). The chemical structures of the isolated compounds were identified by nuclear magnetic resonance (NMR) analysis and comparison of the NMR data (Supplemental data 1) with published information [13] [14] [15] [16] .
Fecal sample preparation. Two hundred microliters of rat fecalase samples were percolated through a solid phase extraction (SPE) cartridge (Oasis hydrophilic-lipophilicbalanced 96-well plate). The SPE method involved the following steps. First, the SPE cartridge was preconditioned with methanol (1 mL) and equilibrated with 0.1% acetic acid (1 mL). The fecalase sample was loaded to the cartridge, which was washed with 0.1% acetic acid (2 × 1 mL). The sample was eluted with 1 mL methanol, and the eluent was evaporated to dryness under anitrogen stream at 40°C. The residue was dissolved in 100 μ L of 0.1% formic acid in acetonitrile and 0.1% formic acid in distilled water (30:70, v/v) , and a 5-μL aliquot was injected into the HPLC column for LC-QTOF MS analyses.
Liver microsomal incubation and sample preparation. Lovastatin (20 μ M, final concentration) was incubated with human or rat liver microsomes (1 mg/mL) in 0.1 M potassium phosphate buffer, pH 7.4, at 37°Cfor 1 h in the presence of an NADPH-generating system (0.8 mM NADP + , 10 mM glucose 6-phosphate, and 1 unit of glucose 6-phosphate dehydrogenase). The reaction was stopped by the addition of acetonitrile with 0.1% acetic acid. The reaction solutions were then prepared using SPE, as described above.
Animal experiments. The control rats were administered water and the antibiotic-treated groups were administered ampicillin (AP; 100 mg/kg) or an antibiotic mixture (COE) consisting of cefadroxil (150 mg/kg), oxytetracycline (300 mg/kg), and erythromycin (300 mg/kg) 3 days before oral administration of either lovastatin (20 mg/kg) or the vehicle. Blood Statistics. All the data were expressed as the mean ± standard deviation, and statistical significance was analyzed by one way ANOVA, followed by Student's t-test.
Results and discussion
Lovastatin was incubated with human and rat fecalase and the remaining amount of lovastatin was measured by HPLC anaysis. The levels of lovastatin were reduced by 8-19% in the human and rat fecalase samples after a 12-h incubation. Based on this data, the lovastatin-metabolizing activities of human and rat fecalase were calculated to be 0.083 ± 0.020 nmol/h/mg and 0.053 ± 0.017 nmol/h/mg, respectively ( Fig. 1 ).
To investigate the effects of antibiotics on this metabolic activity, antibiotics were orallyadministered to rats prior to analysis of fecalase activity. The gut microflora consists of microorganisms that mainly belong to Enterobacteriaceae and the genera Bacteroides, Clostridium, Fusobacterium, Eubacterium, Ruminococcus, Peptococcus, Peptostreptococcus, and Bifidobacterium; thus, the microflora has both gram-positive and gram-negative organisms (Guarner and Malagelada, 2003) . Therefore, broad-spectrum antibiotics that can effectively suppress all types of gut bacteria were chosen. Subsequently, we examined the effects of several selected antibiotics and their combinations on the gut microbiota on the basis of their glycosidase activities and optimized the antibiotic systems (AP and COE) while considering antibiotic-induced adverse physiological alterations (e.g., diarrhea) and possible pharmacokinetic interference via CYP enzymes or drug efflux pumps. AP is a broadspectrum antibacterial agent that is effective against gram-positive organisms and some gram-negative organisms (Wilkowske, 1991) . In the case of COE, cefadroxil and oxytetracycline are effective against both gram-positive and gram-negative organisms and eyrthromycin has activities predominantly against gram-positive bacteria (Wilkowske, 1991) .
Our data showed that oral administration of AP and COE significantly reduced the lovastatinmetabolizing enzyme activity by 58.3 % and 59.9 %, respectively, compared to that of control rats. Antibiotic treatment also significantly suppressed other metabolic enzyme activities such as α -D-glucosidase, β -D-glucosidase, and α -L-rhamnosidase activities (Fig. 2) .
To investigate the biotransformation of lovastatin by the intestinal microbiota, lovastatin was incubated with human and rat fecalase prior to analysis using LC-QTOF/MS.
Representative data from the human and rat fecalase samples are shown in Fig. 3 . The accurate mass data for lovastatin and its postulated metabolites were tabulated in Table 1 and the relevant MS/MS spectra were provided as supplementary data (Supplemental Figure 2) .
Four metabolites were detected in the human fecalase samples (Fig. 4 those in liver microsomal samples and rat plasma. In human and rat liver microsomes, 8~9 metabolites were detected (Supplemental Figure 1A and 1B) ; the human and rat metabolism profiles were comparable, although a slight difference was observed. The chemical structures of the metabolites were determined and/or postulated on the basis of their accurate mass data and MS/MS fragmentation patterns referring to the data available in the literature (Vyas KP et al., 1990) . The M4 and M8 metabolites identified in human or rat fecal samples were also observed in liver microsomal samples. In rat plasma, a total of 4 metabolites was detected:
M1, M6, M8, and M11 (Supplemental Figure 1C) . M1, M8, and M11 were the observed main circulating metabolites, and our findings indicated that gut microbiota-mediated metabolism could have contributed to their plasma level. The accurate mass data for lovastatin and its postulated metabolites were tabulated in Table 1 and their relevant MS/MS spectra were provided as supplementary data (Supplemental Figure 2) .
To investigate the effects of antibiotics on lovastatin pharmacokinetics, plasma lovastatin levels were analyzed following its oral administration to antibiotic-treated rats (AP or COE).
Because oral lovastatin is readily metabolized to the hydroxy acid (the active metabolite; M8), the plasma concentrations of M8 were determined. The mean plasma concentration-time profiles of M8 after oral lovastatin administration to control rats, and those treated with AP or COE, are shown in Fig. 5 . The resultant pharmacokinetic parameters are summarized in , 1990) . The systemic bioavailability of the lovastatin acid is only 5%
and the cholesterol-lowering effects of lovastatin are dependent on the production of this acid metabolite (Neuvonen and Jalava, 1996) . As lovastatin is mainly metabolized in the liver by CYP3A4, there are well-established DDI between lovastatin and CYP3A4 inhibitors (Neuvonen, 2010) . Itraconazole, erythromycin, and grapefruit juice have been shown to significantly elevate serum levels of lovastatin and its hydroxy acid metabolite, potentially leading to serious side effects, such as rhabdomyolysis. The findings of the current study suggest that there is the additional potential for DDI between lovastatin and antibiotics.
Whilst CYP3A4-mediated DDI result in increased systemic exposure to lovastatin and subsequent side effects, antibiotic-induced gut microbiota-mediated DDI reduce bioavailability of the active metabolite, which may attenuate lovastatin's therapeutic effects.
The present study showed a 35-50% decrease in the M8 AUC in antibiotic-treated rats (Table   2) . Lovastatin is generally used as a long-term maintenance therapy. Our human fecalase lovastatin metabolism activity data (Fig. 1A) showed considerable inter-individual variability.
In cases where patients taking lovastatin are treated with antibiotics for a long time,
This article has not been copyedited and formatted. The final version may differ from this version. appropriate maintenance of serum cholesterol levels may not be achieved in some individuals.
Thus, for some patients, co-administration of antibiotics might lead to serious outcomes due to a failure to control serum cholesterol levels.
Antibiotics also suppressed a range of glycosidase activities (Fig. 2) . The suppression of intestinal microbial enzyme activity lasted for at least 3 days after treatment with antibiotics.
This indicated that the effects of antibiotics on xenobiotic metabolism might be more extensive and potent than previously recognized. We have previously reported that antibiotic treatment altered the pharmacokinetics of hesperidin, a bioactive citrus flavonoid glycoside (Jin et al., 2010) . In addition, there have been several reports demonstrating that antibiotics altered the pharmacokinetics of dietary compounds or phytochemicals (Saad et al., 2012) .
However, studies of this issue using synthetic drugs are still limited. For synthetic drugs, the liver is the primary focus of drug metabolism. Hepatic metabolism generally includes oxidation and conjugation reactions, producing polar high molecular weight metabolites. In contrast, bacterial metabolism primarily involves reductive and hydrolytic reactions, generating non-polar low molecular weight products (Croom, 2012) . However, our finding suggested that there could be a considerable overlap between intestinal bacterial and hepatic metabolisms in some drugs. Thus, the gut microbiota could act as an organ with a drugmetabolic potential at least equal to that of the liver, depending on the type of drug involved.
For this reason, more attention should be paid to gut microbiota-mediated drug metabolism as another possible determinant of DDI.
In conclusion, this study demonstrated the involvement of gut microbiota in the metabolism of lovastatin to its bioactive metabolite. Furthermore, we found that DDI between lovastatin and antibiotics were likely, due to antibiotic-mediated inhibition of intestinal This article has not been copyedited and formatted. The final version may differ from this version. This article has not been copyedited and formatted. The final version may differ from this version. 30% solvent B, which was changed to 80% solvent B over 15 min, maintained for 3 min, and followed by a 7-min re-equilibration to the initial condition. The mass spectrometer was operated in positive ion mode. The drying gas (nitrogen) temperature was 300°C, with a flow rate of 10 L/min, and the nebulizer pressure was 20 psi. Capillary and fragmentor voltages were 3500 V and 85 V, respectively. Both centroid and profile data within mass range m/z of 100-500 were acquired at a rate of 4 spectra/s using a Mass Hunter workstation (Agilent Technologies). For targeted MS/MS analysis, the product ion scan range was m/z 50-500.
High-purity nitrogen was introduced into a collision cell as the fragmentation gas. Chromatographic separation was achieved with a Poroshell C18 EC120 column (50 mm × 3.0 mm i.d, 2.7μm, Agilent Technologies) and the oven temperature was maintained at 40°C.
LC-MS/MS
The mobile phase consisted of 0.1% formic acid (solvent A) and 90% acetonitrile with 0.1% formic acid (solvent B). A gradient program was used for the HPLC separation, with a flowrate of 0.3 mL/min. The initial composition of the mobile phase was 30% solvent B, which was changed to 90% solvent B over 3 min, maintained for 3.5 min, and followed by a 4.5-min re-equilibration to the initial condition for 0.1 min. The drying gas (nitrogen) temperature was 300°C, with a flow rate of 10 L/min.The nebulizer pressure was20 psi, and the capillary voltage was 3500 V. Fragmentor voltages were set at 135 V for lovastatin β-hydroxy acid and 170 V for digoxin (IS). Multiple-reaction monitoring detection was employed using nitrogen as the collision gas; the precursor-product ion pairs monitored were 421.2→100.8 for lovastatin β-hydroxy acid and 825.2→779.2 for digoxin (IS). The retention times of lovastatin β-hydroxy acid and digoxin (IS) were 4.9 and 3.0 min, respectively.
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